The introduction of Toyota's hybrid electric vehicle (HEV), the Prius, in Japan has generated considerable interest in HEV technology among U.S. automotive experts, In a follow-up survey to Argonne National Laboratory's two-stage Delphi Study on electric and hybrid electric vehicles (EVS and HEVS) during 1994-1996, Argonne researchers gathered the latest opinions of automotive experts on the future "top-selling"' HEV attributes and costs. The. experts predicted that HEVS would have a spark-ignition gasoline engine as a power plant in 2005 and a fuel cell power pIant by 2020. The projected 2020 fuel shares were about equal for'. gasoline and hydrogen, with methanol a distant third. In 2020, HEVS are predicted to have series-drive, moderate battery-alone range and cost significantly more than conventional vehicles (CVS). The HEV is projected to cost 66% more than a $20,000 CV initially and 33% more by 2020. Survey respondents view batteries as the component that contributes the most to the HEV cost increment. The mean projection for battery-alone range is 49 km in 2005, 70 km in 2010, and 92 km in 2020. Responding to a question relating to their personal vision of the most desirable HEV and its likely characteristics when introduced in the U.S. market in the next decade, the experts predicted their "vision: HEV to have attributes very similar to those of the "topselling" HEV. However, the "vision" HEV would cost significantly less. The experts projected attributes of three leading batleries for HEVS and projected acceleration times on battery power alone. The resulting battery packs are evaluated, and their initial and replacement costs are analyzed. These and several other opinions are summarized.
INTRODUCTION
The Argonne National Laboratory conducted a two-stage Delphi Study on electric and hybrid electric vehicles (EVS and HEVS) during 1994-1996 pJyas et al., 1997a]. Since that study, several technological improvements in 1 electric drive technology have occurred, particularly for the HEV. More information is now available on some proposed and prototype HEVS and their components. Vehicle manufacturers like Toyota and Honda have presented their HEVS at U.S. auto shows, while Audi has presented an HEV in Europe. These manufacturers have also released some technical information relating to their HEVS. A joint project aimed at tripling the fuel economy of the light duty vehicles by the U.S. government and U.S. vehicle manufacturers -Partnership for a New Generation of Vehicles (PNGV) -has identified the hybrid electric technology as the leading technology for its future vehicles.
The HEVS are usually equipped with an energy storage device that supplements a power unit by supplying the vehicle with power during acceleration and while it is stopped in traffic. The power unit replenishes this energy storage device during the periods of low demand. Batteries (of several types), arranged in packs, are the leading candidates for the energy storage device. An HEV'S battery pack could have sufficient capacity to power the vehicle independent of its power unit. Such battery packs would be charged through grid electricity and by the HEV'S power unit when depleted on the road. The distance traveled on battery power alone is often referred to as all-electric or battery-only range. The Two-Stage Delphi Study respondents predicted far greater all-electric range than what is achieved (theoretically) by the Toyota Prius and Audi Duo, two near-term HEVS. The Toyota Prius is not, in fact, designed to use electric power from the grid. The 1994-96 Delphi Study analysts were concerned that the layout of the study questionnaire may have caused the respondents to characterize long all-electric range HEVS.
The 1994-96 two-stage Delphi Study sought information on battery characteristics for 10 batiery technologies, but " it did not request separate characterization of batteries for HEVS. Most respondents who provided battery characteristics seemed to have done it for an electric-drive vehicle with significant all-electric range. A search of the responses revealed no clear subset of respondents characterizing a grid-independent HEV, such as the Prius. Further, no respondent projected a specific power value for the nickel metal hydride battery as high as what is reported for the Prius battery. Now we know that some battery types can be optimized for either high specific energy or high specific power. Manufacturers of near-term HEVS are choosing batteries with high specific power and lower energy storage capacity than predicted in the earlier survey. These developments indicate that HEV batteries will be quite different from EV batteries with regard to specific power (higher) and specific energy (lower).
To update the HEV information to the current level, a short questionnaire was prepared that addressed the items that may have restricted HEV responses in the earlier study. As in the case of the 1994-96 Delphi Study, SAE'S Cooperative Research Program (SAE-CRP) helped conduct the survey. SAE-CRP handled the mailing and coordination of the responses. The questionnaire was mailed out to all the respondents of the first-(1994) and second-stage (1996) Delphi questionnaire. This paper summarizes the results of a short survey conducted in the spring of 1998. About 180 questionnaires were mailed to the participants of the previous surveys; 41 responses were received. Most of the answers were carefully thought out, with supplementary descriptive text. Nevertheless, ,Iess than half of the respondents answered the battery question.
HYBRID ELECTRIC VEHICLE CHARACTERISTICS
A question relating to the attributes of the anticipated top-selling HEV in 2005, 2010, and 2020 asked the respondents to select power plant type; power plant fuel; HEV driv~battery-only rang~and differences in cost, emissions, and fuel economy relative to CV. The responses to this question are summarized in Tables 1,  2 , and 3. Quartiies 1/3  2005  36  49  50  30  18/53  Battery Range (km)  2010  36  70  30  50  20/100  2020  35  92  50  50  25/100  2005  40  13,100  10,000  10,000  5000 / 20000  Cost Difference ($)  2010  40  9,763  5,000  5,500  4500 / 15750  2020  39  6,667  0 COMPONENT COST -The respondents were asked to rank battery, controller, and motor in the order of their contribution to the cost differential they specified earlier (in Table 4 ). They ranked the three components 1, 2, and 3, with 1 being the lowest. The respondents ranked the battery as the main contributor of the cost differential, and the motor and controller nearly tied for the second spot. The stated importance of the motor (a mature technology) to the incremental cost drops slightly into the future. The expected importance of the battery and controller remains about the same. Respondents of the current survey believed that the battery has the greatest potential for cost reduction, while there is Iitlle potential for the motor (Table 5 ). 
BAITERY CHARACTERISTICS
A question on battery characteristics sought information on specific power, specific energy, and cycle life when the battery is used in the state-of-charge (SOC) range of 80-60%, as well as cost. At the beginning of the question, respondents were made aware that the battery characteristics in the earlier two-stage Delphi survey provided conflicting results for HEVS. When the average values from the earlier survey were used in an analysis, predictions relating to HEV curb weight, range, and acceleration could not be met within some reasonable margins IJ/yas et al. 1997b]. As noted previously, the earlier Delphi survey solicited battery information applicable to both EVS and HEVS with one question. Ten battery types were covered in that survey. Survey analysts felt that the layout of the battery question probably caused the respondents to characterize HEVS with long all-electric (i.e., battery-only) range. Since that survey, batteries with much higher specific power and lower specific energy than predicted previously are being produced and used in the near-term hybrid applications.
Characteristics were sought for the three most promising battery types: (1) lead acid, (2) lithium ion, and (3) nickel metal hydride. The respondents were asked to provide battery characteristics for 2005, 2010, and 2020. Table 7 summarizes the responses, listing such descriptive statistics as number of observations, mean, median, and inter-quartile range. FUTURE HEV DEVELOPMENT -Since the personal vehicle preference in the United States and elsewhere has changed significantly in the past few years, respondents were asked to specify their priority for future developments. They ranked four vehicle classes: passenger car, minivan, sports utility, and pickup truck. Table 6 summarizes the responses where a higher value indicates a higher ranking. Surprisingly, the mean values of responses indicate that the expeti.s treated the four vehicle classes nearly equal. The median and modal values seem to indicate that the first HEVS should be in the passenger car and sports utility classes. cost of all three batteries and specific energy of lithium ion and nickel metal hydride batteries are exceptions to this. Even though the forwarding letter and the questionnaire mentioned the use of high-specificpower and low-specific-energy batteries by producers of the near-term hybrids, the respondents apparently believed that batteries with moderate to high specific energy were necessary to create HEVS with all-electric travel capability. Compared to the 480-W/kg specific power and 41-Wh/kg specific energy of the Toyota Prius nickel metal hydride battery, the 2005 nickel metal hydride battery is predicted to have 308 W/kg specific power and 81 Whlkg specific energy.
The respondents projected steady improvements in all battery attributes. The projected improvement was the highest in cycle life for both lithium ion and nickel metal hydride batteries. The respondents projected a substantial reduction in the initial cost during the first five years, particularly for the lithium ion and nickel metal hydride batteries. Compared with the results from the., Two-Stage Delphi Study, the values in the table show much higher specific power and cycle life, moderately higher to slightly lower specific energy, and lower initial cost. The respondents seem to have evaluated the new developments in the battery technology for the HEVS while providing their estimates.
Following the battery characteristic question, the respondents were asked to give their opinions on the effect of their batte~characteristics on a few vehicle attributes, They were asked to select the most likely battery type for each of the three years. They were also asked to provide their estimates of HEV curb weight, battery-only range, and acceleration times. Information on time to reach from O to 50 kph and from 50 to 100 kph on battery power was requested. Table 8 summarizes the responses to these questions. The opinions on battery-only range differed widely, with some respondents predicting no ability to travel on battery-only and a few predicting very limited (5-7 km) battery-only capability. Consequently, mean and median values for the battery-only range differed substantially, and a large inter-quartile-range was predicted. This type of variation in opinions on an emerging technology is understandable. The HEV technology has the potential to reduce urban emissions and overall petroleum consumption if it can use grid electricity. However, the batteries that would store the grid electricity for later use are expensive and would reduce the affordability -and market share -of an HEV, thereby reducing the overall emissions and petroleum reduction benefits. The Toyota Prius does not use grid electricity and can travel on battery power only at speeds below 24 kph, Thus, it does not have any practical battery-only range. The Prius represents an HEV configuration in which the battery is used to augment the gasoline engine power during acceleration and to reduce engine idling while stopped in traffic. Many respondents seem to have visualized a different HEV configuration. The respondents to the battery question predicted a lower battery-only range than did the whole group's prediction for the battery range of the top-selling HEV described eariier (Table 2) . A substantial majority, 36 out of 41, responded to the first question about the topseliing HEV. Compared to the projected mean batteryoniy range of 49, 70, and 92 km for the top-selling HEV for the three years of interest, respondents to the battery characteristic question projected a lower mean range of 38, 62, and 73 km for the three years of interest. The respondents to the battery characteristic question seem to recognize the cost impacts of a high battery-only range during the introduction years. They, however, agree with the whole group (responding to the top-selling HEV question) regarding the need for increased batteryoniy range for emissions and petroleum reduction benefits. Consequently, they project continuous'. increases in the battery-oniy range with more improvement during the first five years. The 1995 Nationwide Personal Transportation Survey [FHWA, 1997j shows that a typical household vehicle travels 64 km/day. Thus, the respondents' projections would ailow ali-eiectric operation to displace a large majority of miles from fossil fuel to electricity. Compared to the TwoStage Delphi Survey's mean battery-only range of 270 km in 2010 and 358 km in 2020, these projections appear achievable, yet they would still allow aii-electric operation the majority of the time within urban areas. Tests by Consumer Repofis magazine show siightly higher times. On the basis of the projected higher mean acceleration times, survey respondents apparently assumed that the use of battery power (without any assist from the power unit) during local driving would be associated with a driver's willingness to not drive aggressively. Note that the predicted acceleration capabilities are sufficient for even moderately aggressive driving.
BA'ITERY PACK ATTRIBUTES AND LIFETIME COSTS
The projected battery-oniy range and acceleration time can be used to compute the size and attributes of battery packs for each battery type in the three years of interest. Also, a procedure deveioped at Argonne National Laborato~can be applied to compute average battery cost per kilometer over the lifetime usage of the HEV. The battery packs characterized based on the mean battery-only range may not meet the acceleration time requirements for some battery types, while those characterized based on the mean acceleration times may not meet the range requirements. This range and acceleration capability "trade-off, together with average iifetime costs, would provide a good comparison of the battery technologies.
BATTERY PACKS BASED ON BAITERY-ONLY RANGE -Battery packs were characterized to meet the mean battery-only range for each year. For determining the energy contents of each battery pack, a set of base average energy consumption per kilometer and base battery pack mass was used. A U.S. Department of Energy study [Singh et al., 1998 ] of EVS was used as a guideiine. The base energy consumption from the battery was assumed as 230 Wh/km in 2005, 224 Wh/km in 2010, and 205 Wh/km in 2020. The associated base battery pack masses were 145, 125, and 110 kg, respectively. The energy consumption per kilometer was corrected at a rate of 0.66'%0per 10% change in the base baftery mass. An iterative procedure was used to arrive at the battery pack characteristics listed in Table 9. The estimated O to 100 kph times in the table are based on the foilowing relationship between acceleration power Pa, time t (while accelerating) and vehicle attributes. For a vehicle that accelerates from a stop to the' maximum speed of v~, the power requirements can be restated by integrating the above equation.
Where fmis the time taken to reach the maximum speed.
Speed v is a function of time t. Under conditions invoiving smooth acceleration, the speed and time relationship can be approximated as v = Vm(t/tm)x . An analysis of published acceleration times indicated that the value of the exponent x ranges from 0.47 to 0.53. The lower value is applicable to slow accelerating vehicles (approximately a 12-s O-100 kph time) and the higher value is applicable to fast accelerating vehicles (approximately an 8-s 0-100 kph time).
The acceleration power in the above equations is at the wheels. The batte~power shouid account for motor and transmission efficiencies and other mechanical losses. Among the three battery types iisted in Table 9 , the iead acid battery packs have the highest mass and power when sized to provide the same range. Because of their higher power content, lead acid battery packs also have the shortest O-1 00-kph times. Comparatively, the lithium ion and nickei metal hydride battery packs do not have adequate power when sized to meet the 38-km range in 2005. The lead acid battery packs have the lowest initiai costs. The iithium ion and nickei metai hydride batteries have much higher initial costs compared with lead acid, but they are closer to each other. The trade-off of range and acceleration capability for the 9 batiery packs in Table 9 is shown graphically in Figure 1 . The lifetime battery costs were computed by using a sequential procedure. The procedure is an improved version of the one used in the two-stage Delphi Study". yas et al., 1997a]. An HEV was assumed to be used 48 krdday, 365 days/yr, on average. The annual travel would be 17,520 km at this usage rate. The vehicle would last 12 yr with 210,000-km lifetime travel. The battery pack cycle life was converted to number of years. The cycle life issue is extremely complex. The battery cycle life would differ, depending upon how the battery is charged and discharged. For simplicity, in these illustrative calculations, use of one cycle per day is assumed in every case. The initial and subsequent battery packs were replaced at the end of their respective lives. The costs were discounted at 4% constant rate for conversion to average annual cost and then allocated over annual distance traveled. BAITERY PACKS BASED ON O-100-kph TIMEBattery packs were characterized to match the mean O-100-kph times. The battery pack power requirements were computed by using the above described equations; corresponding energy content, mass, and initial cost were then computed. The resulting battery-only range was estimated for each battery pack by employing the procedure described earlier. The battery pack attributes are summarized in Table 10 .
The lead acid battery packs have the highest mass compared with the corresponding lithium ion or nickel metal hydride battery packs. However, the difference is smaller compared with the battery packs in Table 9 . The lead acid has the lowest initial cost -20-25'3f0the cost of the lithium ion and nickel metal hydride battery packs. The lead acid battery packs have the shortest range, plus they fail to meet the mean range requirements of 62 and 73 km in 2010 and 2020.
The procedure for computing lifetime battery cost was also applied to the battery packs in Table 10 . The resulting lifetime costs are shown graphically in Figure 3 The battery data analysis showed that HEVS with substantial battery-only range would require large battery packs, with 115-280 kg mass. Also, the recent developments in the battery field have shown that some battery technologies are amenable to designs that provide a varying balance between specific power and specific energy. Consequently, the range and acceleration time trade-off could lead to a variety of HEV and battery pack configurations that appeal to different consumer segments. The on-board power unit would supplement battery poweu consequently the HEVS, could have much quicker acceleration times on combined battery and power-unit power that would be similar to the acceleration times of today's sports cars.
The HEV lifetime battery cost analysis based on the mean acceleration provided a range of cost at 1.8-5.6 cents/km. This cost is over and above the energy cost. If the battery packs were charged at a special rate during nighttime, the electricity cost would be much lower. Also, because an HEV eliminates its power unit's idling, its fuel economy on fossil (or renewable) fuel would be higher than that of a CV, even when its acceleration time is very low. Tables 1-3 . The respondents predicted their "vision" HEV to have a spark-ignition engine with gasoline as the fuel, like the "top-selling" HEV. The means of responses relating to the type of HEV drive and battery-only range are also very similar. However, the responses differ on the cost of the future HEV. The "vision" HEV is projected to cost 48?40more than a $20,000 conventional gasoline vehicle, while the "top-selling" HEV was projected earlier to cost 66% more. It is not surprising that the. respondents projected their "vision" HEVS to produce less NOX and particulate and to have higher fuel economy.
PERSONAL VISION OF THE

SUMMARY
Hybrid-electric technology is a leading technology for increasing vehicle fuel economy, reducing greenhouse gas emissions, and reducing criteria pollutant emissions when equipped to have battery-only range. The mean values of responses by industry experts to a 1998 survey appear to provide a realistic and technically consistent view of the future HEVS, in contrast to the earlier two-stage Delphi survey.
The fuel cell is projected to be the most likely powerplant for HEVS in 2020; instead of hydrogen, however, such liquid fuels as gasoiine and methanoi wiil Iikeiy be used. Projected HEV fuei economy ranges from 1.7 to 2.6 times the conventional vehicle fuei economy. Thus, even with the fuel ceil as its power piant, the HEV is not Iikeiy to have a fuel economy three times that of conventional vehicle (a PNGV goal). The future HEVS are projected to emit significantly iess NOX and particulate matter than CVS. The mean projections indicate that the cost of an HEV will drop from 66% to 33% more than a $20,000 CV by 2020. The typical respondent, however, characterized by the median and modal statistics, expected the cost penalty to drop to 15% (median) or zero (mode) by 2020.
